The work of Steinhausen in Greifswald on the function of the cupula (Pfliiger's Archiv, 1933, Band 232, Heft 4) is of extreme value in the conception of the physiological mechanism of the labyrinth. Extension of this work by measurement of the exact relationship between the movements of the endolymph in the canals and the bending of the cupula. Demonstration by means of pictures, etc.
the cupula. The galvanic reaction: why it does not give practical results: the theory and technique of chronaxiemetrie: a new method of obtaining an exact estimation of the chronaxie of the vestibular nerve and the possibility of the practical use of this method.
Demonstration of apparatus for determining the vestibular chronaxie, and of instruments for the exact registration of the eye-movements during nystagmus.
IN 1874 Mach, Breuer, and Crum-Brown made the suggestion that fluid currents of the endolymph were the essential stimulus for the epithelium of the crista ampullaris. This was the first step to a more physical conception of the function of 'he labyrinth, as distinguished from an earlier physiological point of view, based more on theory than supported by facts.
In the sixty years that have passed since then, an enormous amount of work has been done in investigating the mechanism of the labyrinthine functions. This work has been well justified since it is obviously important for us to know, with detailed certainty, the physiological functioning of the labyrinth, in order to decide as to the value and scope of our methods for its examination. And we must also have a firm physiological basis, if we are some day to be able to distinguish the functions of the peripheral organ from those of the central nuclei.
When the theory of endolymph-current was advanced, it was thought-and it is still sometimes thought-that during a head-turn or a multiple rotation, the endolymphcurrent in the semicircular canals went on as long as the vestibular reactions lasted. But the labyrinth is a very small organ with minute capillary canals, so that there was great difficulty in obtaining an acceptable correspondence between the currenttheory of rela'tively large and lasting fluid movements, and their physical unlikelihood. This brought about fresh-physically, still less likely-hypotheses, e.g. those presuming a pressure effect to be the stimulating agency (Biehl, Wittmack).
When Gaede physically calculated what amount of endolymph-movement was possible, he proved that so powerful a stimulus as 10 revolutions in 20 seconds cannot produce a fluid current for longer than about TXn second. Direct observations *on models made by Maier and Lion, proved that movement of the fluid took place during and after rotation, but they were of too short duration for measurement by Proceedings of the Royal Society of Medicine 66 direct observation. The difficulty remaining was to explain the mechanism of a nystagmus lasting as long as from 15 to 45 seconds caused by a movement in the endolymph during only parts of a second. Barany tried to explain this as a result of central reactions, Maier and Lion as dependent on chemical processes; others avoided the question. But until such a main point in our conception of the function of the labyrinth has been brought into correspondence with known facts, we are building very insecurely in our attempt to distinguish the central and peripheral factors during stimulation.
First, turning to the peripheral organ, we must ask what mnechanism transmits the stimulus from the fluid-current to the neuro-epithelium. From an illustration in any histological description of the labyrinth ( fig. 1 ) we get the impression that the cupula from the crista extends into the lumen of the ampulla at most perhaps half its section. With a current from the canal into the ampulla after a rotation of 10 revolutions in 20 seconds, there is, according to Gaede's calculations, a movement ..~~~~~~4 FIG. 1. of the endolymph in the canal of at most i mm. In the ampulla, as a result of its 10-times greater width, there can occur a movement of, at most, n mm. Naturally, from this, one gains the impression that the current from the canal would lose itself like a streamlet in the great lake of the ampulla, without any noteworthy effect on the insignificant cupula. Therefore we must ask: (1) Is this picture of the cupula correct ? (2) Is the relation between the sections of the canal and the ampulla really as large as 1: 10? The first question is answered by the investigations of the function and morphology of the cupula, published during recent years by Professor Steinhausen of Greifswald, who showed that by introducing a contraster, e.g. indian ink, into the endolymph, the cupula could be made visible in unstained dead, or even living, animals. This can be demonstrated from one of my preparations made from a fish, according to the methods described by Steinhausen (fig. 2 ).
As seen in this way, the cupula actually fills the ampulla from the crista to the opposite walls. Every movement of fluid in the canal must then unconditionally cause a movement of the cupula. By this means we get a corresponding stimulus in the neuro-epithelium, probably in the same way as we get it through the disturbance of other similarly built sense-organs, e.g. in the skin. From this we have plain evidence (1) That endolymph-movements caused by rotation of caloric Sectio of Otoloy 1373 stimulation can occur in the canal as previous investigations have shown; and (2) that they can displace the cupula. By experiments on living fishes, Steinhausen has shown that the bending of the cupula gives vestibular eye-movements, and thus really forms the essential means of stimulus for the neuro-epithelium. By this the Mach-Breuer and Crum-Brown hypothesis is corroborated in principle, and the function of the semicircular canals explained. The second question is the relation between the cross-sections of the canal and the ampulla. The canal cross-section, as I have just indicated, is only one-tenth of the cross-section through the ampulla, according to the measurements of Biner Wulf and others. From this we conclude that the movement of fluid in the canal must be ten times as great as the endolymph-movement or cupula-movement in the ampulla can be. The difficulty is, then, in seeing how an endolymph current large enough to stimulate the neuro-epithelium in the ampulla can take place in these fine capillary tubes of the canals. By Steinhausen's method, however, we can see to what extent the cupula follows the movements of the endolymph. From a little opening in the wall of the membranous canal, the lumen of the canal and the ampulla is filled with the black fluid from indian ink introduced into the canal, but it stops at the cupula, which then appears as a transparent formation stretching from the crista to the opposite ampullar wall. With a glass capillary I have introduced a little drop of oil into the canal (fig. 3 ). The drop lies like a transparent pearl occupying the canal lumen. In this way the fluid movements in the canal and the displacement of the cupula can be followed together. As is apparent from the figures, an endolymph displacement of 1, 2 mm. causes an angular change of position of about 40°in the cupula. Again, we know that a fluid movement in capillary canals like those of the labyrinth, after a rotation, cannot last longer than the fraction of a second, because the inner friction, the viscosity of the fluid, in these minute capillaries prevents a longer-lasting movement. And yet after rotation we have a nystagmus and other vestibular phenomena of stimulation that last about half a minute.
By his experiments on living animals Steinhausen has shown to what this is due. Two of his results are of importance here: (1) That a brief displacement of the cupula occasions only a deviation of the eyes, but a longer-lasting displacement causes a nystagmus. (2) That after displacement-for example during or after rotation-the cupula slowly' resumes its initial position through its own elasticity, and at the same time the nystagmus gradually decreases and stops. This displacement and elastic return of the cupula explains why a post-rotatory 1374 Proceedings of the Royal Society of Medicine 68 stimulation lasts longer than the stimulating endolymph current, which only can bring about the cupular displacement.
Which mechanism occasions the movement of the endolymph during and after rotation ? The only thing that can affect the endolymph during a rotation is the inertia of the fluid, acting during increase or decrease of rotational speed, i.e. an acceleration or retardation of the movement-but not rotation at even speed, although during a brief turn of the head there is no post-rotational nystagmus, even if the alteration in speed is considerably greater with an ordinary quick turn I of the head than with our usual experimental stimuli. This must be due to the fact that in turning the head we get a swift deviation of the cupula, and thereby a deviation of the eyes; and as a result of the retardation we must get a movement of the cupula in the opposite direction, and a deviation of the eyes also in this same direction. By this means the cupula and the eyes return to their starting point. But if we continue a rotation for a longer period, as in the usual rotation test, we have to imagine the reaction in the following way:
The cupula deviates during, perhaps, the first, or possibly also the second, rovolution as long as the rotation is accelerated. On reaching a constant speed the rotation surely no longer affects the fluid or the cupula in any way. The deviation of the cupula is now, however, gradually diminished by its elasticity; and after about half a minute it has returned to the original position. It is to be expected that the nystagmus during rotation should cease when the cupula resumes its normal position, and it does, as Buys showed by nystagmographic registration several years ago.
When rotation stops we again have, as a result of the effect of retardation on the endolymph, a deviation of the cupula, this time in the opposite direction. A post-rotational nystagmus occurs, and lasts as long as the cupula needs to return once more, through its elasticity, to its starting position. This explains why a post-rotatory nystagmus does not occur until after a longer continued rotation. And it explains why we must have a rotational time of about twenty seconds to obtain the longest nystagmus for any rotational speed. For the cupula has by that time regained its initial position by its elasticity, so that it might be ready for the maximal displacement in the opposite direction through the inertia of the endolymph when the rotation ceases. So the nystagmus during rotation, like the post-rotational nystagmus, is a consequence of the deviation of the cupula; and its duration depends on the time the cupula requires to reassume its normal position.
From this it will be expected that as Buys, Grahe, Maier, Lion, and others have shown, the nystagmus should have the same duration both during and after the rotation.
We may conclude from this that the rotation test cannot directly gauge the sensitiveness of the vestibular apparatus, or measure its reactive capacity. The time for the post-rotatory nystagmus that we measure in the rotation test is primarily related to the elasticity of the cupula. This by no means directly corresponds to the susceptibility of the end-organ or the central nuclei.
But these deviations of the cupula and its elastic return are characteristic not only of the rotatory stimulus. In the nystagmus by pressure, as in the fistula test, the following is found: If a constant pressure is applied to the fistula of, e.g. the horizontal canal, the effect will be that the membranous canal is more or less compressed, the endolymph displaced, and a deviation of the cupula is obtained. The nystagmus then lasts about twenty seconds, as Nylen has already shown. So we have once again the time which the cupula needs to reassume its initial position, by its elasticity. We can obtain a similar and comparable reaction with caloric stimulation also. If a sufficiently strong caloric stimulus be applied with the head in the optimum position-i.e. with the horizontal canal in a vertical position-the maximal response is obtained after about one minute. If the head be then raised, so that the horizontal canal returns to a horizontal position, the nystagmus continues for a further period of about half a minute, or approximately as long as the nystagmus in the same subject after a rotation test.
What is the reason for this ? According to several investigators there should be a fundamental difference between the stimulating mechanism of the rotational reaction and that of the caloric reaction. On the one hand, there is the powerful AUG.-OTOL. 2 * but brief nystagmus after a stimulus as that after rotation, which physically appeared to be a strong stimulus. On the other hand, as the result of an apparently weak physical stimulus-the caloric test-a nystagmus occurs lasting as long as two or three minutes. This has given rise to hypotheses attempting to explain the caloric reaction in another way. Bartels, for instance, thought that cooling paralysed the neuro-epithelium of the labyrinth and that warmth stimulated it. Kobrak has tried to explain the caloric reaction as a vascular reflex. By measuring comparatively the threshold for the caloric and the rotatory nystagmus, however, I have previously obtained a physically quantitative agreement between stimulus and effect on the assumption that these two stimuli acted in the same way on the neuro-epithelium. The difference in the physical changes in the canal during rotation and caloric stimulation would then be a question of duration of the physical changes in the labyrinth rather than of difference in the influence on the neuro-epithelium.
After a rotation the cupula suddenly deviates from its normal position and then by its elasticity returns thither. During caloric stimulation, on the other hand, the canal wall cools with gradually increasing alteration in the temperature. In conformity with this, the weight of the endolymph increases during cooling in that part of the horizontal canal that is most lateral and most exposed to temperature change. The change in weight has a tendency to. occasion a fluid displacement. But this is first checked by the elasticity of the cupula. No fluid movement can occur because the cupula prevents the endolymph from escaping as it extends across the ampulla. A deviation of the cupula can occur only to the extent that the weightchange in the endolymph balances the elasticity of the cupula. So the mechanism might be comparable to that of a spring-balance, the elasticity of the spring corresponding to that of the cupula, and the endolymph weight-increase corresponding to weights laid successively on the scale. As long as the weights are in the scale the elastic tension of the spring is balanced.
The difference between the two forms of stimulation-rotational and caloric-is therefore, that by rotation we stimulate both labyrinths, suddenly; by the caloric test we stimulate only one labyrinth, with cumulative force during a relatively long time.
So that if we bring about a deviation of the cupula by altering the endolymph weight by caloric action, and then alter the position of the canal so that it lies horizontally and can therefore no longer affect the cupula, the cupula will be able by its own elasticity to resume its initial position in the same way as during postrotatory stimulation. The post-rotatory and what I should like to call this postcaloric nystagmus, are presumably comparable, except that the post-rotatory affects both labyrinths and the post-caloric only the stimulated side.
When we investigate the functional capacity of the eye, the sensitiveness of the skin, or the sensitiveness of the cochlea to sound-waves, we do not select the strongest light, the stroDgest skin-stimulus, or the strongest tone, to see how far perception can continue as we do when using the rotation test. We cause the greatest deviation of the cupula and measure the time till the nystagmus has stopped. The physiologically appropriate way would be to apply the least possible stimulus that can produce a reaction, and from this infer the reactive capacity of the organ. So it ought to be with our current examinations of the labyrinth. Slight and brief turns of the head causing slight and brief deviations of the cupula are the normal, adequate stimuli for the vestibular apparatus. Powerful, long reactions are unphysiological stimulations. They cause dizziness and subjective discomfort which do not accompany the normal function of the organ. Therefore I think we should get more reliable results if we tried to fix the normal stimulability of the organ, and the threshold for its sensitiveness, as far as possible within physiological limits for the strength of the stimulus. Remembering the fact that only speed-alterations during rotation can affect the vestibular apparatus, I think it would be most appropriate to measure the sensitiveness of the labyrinth by slight increases and decreases during an otherwise constant rotational speed. In that way it would be possible to get the response of slight stimulations and estimate their effect. I have tried to find a method of comparing these accelerations and retardations with the vestibular eye-movements received. Through nystagmographic registrations of the eyemovements and electrical registrations of the speed-and especially of the speed changes of the rotation-chair-I have been able to compare both the response in the form of the vestibular nystagmus and the stimulus-strength, i.e. the increase or decrease in rotational speed ( fig. 5 ). Now if we examine the caloric stimulations, we find the following: There is the Biining method of syringing till the nystagmus appears. There is Kobrak's method with small graded quantities of water, where the time of latency and the course of the reaction are estimated. Or there is the method of syringing recently suggested by de Kleijn and Versteegh, in which small quantities of water of varying tempera- ture are employed until just that quantity and temperature that occasion a reaction are obtained. All these methods indicate a degree of heat that is claimed to be a quantitative measure of the stimulability of the labyrinth. But I think this is not the case.
With the caloric reaction we can compare both sides of the same subject. From one-sided deviations we can draw certain conclusions about pathological changes, but we cannot compare the reactions of two subjects, and conclude, from the deviations, anything about the peripheral or central function of the vestibular apparatus. I believe that I can throw some light on this known but less noticed fact, in the following way. Together with one of my assistants, Dr. Kaplan, I have measured the temperature changes of the labyrinth-wall during caloric reaction in radically operated patients with good labyrinthal function, and I found that a raising or lowering of temperature Of only from n to A2 Of a degree centigrade was needed to obtain a nystagmus in one direction or the other. The temperature measured in the operation-cavity was always somewhat lower than the rectal temperature (about P53 F.). It is interesting to note that we then actually obtain a, warm-water nystagmus when syringing with water colder than the rectal temperature. But there is certainly not a strongly increased sensitiveness of the labyrinth in these cases even if we get reaction at so slight temperaturechanges, rather the contrary. In an ear not operated on, however, we have a barrier of bone and cavities containing air. These take most of the applied warmth or cold, not measurably and regularly, but uncontrollably and irregularly. So that we are primarily measuring the warmth-absorption of the surrounding bone, not the reactive capacity of the labyrinth, or the relation between these values.
In the previously mentioned rotatory stimulus we can, of course, measure the value of the stimulating moment in the peripheral organ through the acceleration and retardation. But the response, the nystagmus, is dependent on two moments, in rotatory as well as in caloric stimulation.
The second moment is the central reaction to the stimulation of the end-organ. Thus the problem is, to what extent the response in the form of vestibulary eyemovements is dependent on central conditions. We know that a vestibular nystagmus can be altered by fixation, conscious eye-movements, and other cortical and subcortical movements. We have, for example, modifications of the nystagmus after a previous stimulus which have been interpreted as a fatiguing of the centre. A post-rotatory or caloric stimulus does not elicit the same response on repetition. Here I think it necessary to distinguish between the slow phase of the nystagmus and the quick component. I have stimulated human fistulas and experimentally made fistulas in animals, and I have stimulated the labyrinth by the galvanic current, all for lengthy periods, but have not been able to demonstrate any decrease of response. These responses, however, referred only to parts of the slow phase, when the stimuli were so brief that the quick movement of a nystagmus had no time to develop. The consequence of this is that we must suppose the slow phase not to be easily fatigued. Suppose, however, that we study the changes in the quick phase under similar conditions. We find, as Quix, Spiegel and Lorente de N6 have indicated, that with a weak caloric stimulus a nystagmus can be obtained almost indefinitely. But with stronger stimulation the powerful caloric nystagmus is soon changed to slight, quick, oscillatory eye-movements and the whole nystagmus-apparatus is disordered.
Compared with this we have another change in the caloric nystagmus as well as in the nystagmus during and after rotation. After the completed stimulus we have a weak nystagmus in the contrary direction to that previously stimulated. We get this not only with stimulation of the peripheral organ, but also after a galvanic stimulus-which acts centrally beyond the labyrinth-and even after the visual action which produces optokinetic or "railway " nystagmus. All this seems to me to show that the central modification of stimulability during a nystagmus is to be attributed rather to the mechanism that controls the quick phase, than to that which influences the slow phase of the nystagmus.
The rotatory, caloric, and pressure stimuli give a stimulation of the neuroepithelium in the end-organ. The only one of our investigational methodsthat acts centrally beyond the labyrinth is the galvanic stimulus. This has not become practically significant, because it gives us no information about the functional state of the peripheral labyrinth, or about the nerve or the central nuclei. If we obtain a galvanic nystagmus at 2, or 4, or 8 ma., we learn nothing of the stimulability of the vestibular apparatus, which in all cases may be equally great, or of that of the peripheral end-organ, as well as the nerve, or the central nuclei. The electrical conductibility of the surrounding tissue may vary so much on account of anatomical differences, in the same way as the warmth-absorbing capacity of the tissue varies in the caloric reaction.
The galvanic current acts centrally beyond the peripheral end-organ. From earlier experiments I thought I might conclude that the current acted in the vestibular ganglion, but from later experiments, and those of others (Huizinga), I think it can be asserted that not even the ganglion is needed for a reaction to occur.
But if we in practical work may abandon the galvanic reaction in its present form as a method of testing the vestibular apparatus, we agree with the change that has occurred in other branches of electro-diagnostics.
Bourgignon, Lapique and others considered that they had found a more correct value for the stimulability of a nerve, theoretically and practically, by introducing as the measure of that stimulability the time during which a certain electric current needs to act for a nerve stimulus to occur. This time-value, which has been called " chronaxis," is usually measured in thousandths of a second.
Practically, chronaxis-measurement is carried out in this way: The lowest current-strength, i.e. one which can just twitch the muscle or stimulate the nerve on test-is tried out. Then the current-strength is doubled and the time of stimulation decreased until the threshold is reached, and this is considered to give the required value for the nerve's stimulability.
Bourgignon has also tried to fix the chronaxis of the vestibular nerve. He has used the vestibular disequilibrium as an indicator of the reaction.
It is plain that the mass and slowness of the body as a whole, and similar irrelevances, must have a most disturbing effect here, and must render the reaction unsuitable as an indicator for a mechanism so subtle and sensitive as the vestibular reflex. The shortest reflex path is between the vestibular apparatus and the eyemuscles. It is also, as is well known, the most sensitive, and the least susceptible of influence by the subject himself.
To be able, however, to use the eye-movements as an indicator in fixing the chronaxis, a nystagmus cannot be utilized. It is the deviation of the eyes which begins the slow phase of a nystagmus that interests us. The quick phase in nystagmus is too irregular in its appearance and has, therefore, no significance in this connexion.
A vestibular eye-movement, though slight, occurs even with very weak stimuli. If a galvanic nystagmus is obtained at from 3 to 4 ma., most frequently even at less than I ma., eye-movements can be observed at the switching on-and-off of the current. If the electrically stimulated eye-movements are registered nystagmographically, it is possible to measure the response objectively and to establish its relation to the stimulation-time.
Now, change in current-strength per time-unit forms the strongest stimulus for all other known nerves, and so the faradic current with its continual fluctuations stimulates more readily and during all the time the current is applied, but the galvanic current stimulates only at the points when the current is being switched on or off, or otherwise alters in current density.
With vestibular stimulation, it has generally been considered that things were the other way round. There the galvanic current, the constant current, has been the stimulant, and the faradic current, alternating current, considered incapable of stimulation. But this is not correct. If the chronaxis value of twenty-thousandths of a second found by Bourgignon were correct, it would mean that a stimulus lasting one-fiftieth of a second could give a vestibular effect. If, in other words, the faradic current has a frequency that gives 50 stimulations per second, it can occasion a stimulation-effect. This is so, even with a considerably higher frequency, but the response is not a nystagmus; it is, for every alteration in current-strength, a slight and insignificant eye-movement. These eye-movements are so extremely slight and so frequent that they are not observable by the naked eye, but they can be registered photographically to a frequency of over 150 changes in a second.
We have, however, yet to determine whether this effect on the eye-movements is due to stimulation by changes in the strength of the current at its opening and closing; or to the stimulus usual for the vestibular nerve by the passage of the galvanic current through the nerve, presuming that the current has been passing long enough. The reversal of the eye-movements with the current-direction favours the latter notion.
To solve this problem I made an apparatus with which I could vary the length of the stimulus, and the change in current strength in order to distinguish whether the vestibular nerve reacts only for the passage of the constant current, or also, transiently, as the strength of the current is varied-for instance at the opening and closing of the circuit. Until we know that, we cannot know what phase of the current is the significant stimulus, but I hope that by this method we shall be able to discover these details.
During the era inaugurated by Bara.ny's important works on the vestibular apparatus we were enabled to arrive at an adequate diagnosis of the diseases of the peripheral labyrinth. Further, intensive work in otoneurology has given us a faithful picture, in many respects, of the central connexions and their function. From this, we have been able to diagnose a number of changes affecting the vestibular nuclei or their connexions. Often, however, our methods are insufficient to decide whether a central or a peripheral lesion is in question. This is apparent from the many suggestions made for the improvement, refinement and alteration of our investigational technique, which indicate that such methods, unfortunately, are not yet altogether satisfactory.
In future, by a more exact interpretation of the results of stimulation of the peripheral organ and by the help in elucidating the function of the central paths, which may be afforded to us by the method of electric stimulation, we shall, I hope, evolve a better technique for the differentiation of peripheral and central lesions of the vestibular apparatus.
I have spoken of rotational, caloric, and electrical stimulation as our methods of practical examination, but that they may not embrace all experimental possibilities has been shown by some work by my collaborator and first assistant, Docent Skoog, who has been investigating the Meniere syndrome, particularly from the point of view of its production by allergens. By injecting into one of the vertebral arteries of a guinea-pig an antigen causing anaphylaxis, he has obtained a group of symptoms similar to Mlni&re's. For some time after injection the animal develops symptoms of vestibular stimulation in part referable to a disequilibration of the postural reflexes, and in part to changes in the compensatory eye-movements and the functions of the canals. That these symptoms are not referable to the peripheral end-organ can be shown by the fact that the phenomenon occurs unaltered even if a double labyrinthectomy has been performed on the animal.
The phenomenon is plainly bound up with a certain vascular territory. With injection of the same antigen centrifugally into the carotid artery no reaction is obtained. Neither is it obtained by injection intravenously. In these cases, with the same dose only a common anaphylactic shock occurs. The phenomenon may be blocked, by injecting indian ink a short time before the antigen is injected. The reaction corresponds neither to an ischamia, such as we might expect after an adrenaline injection, nor to decay or damage of the vestibular connexions, as in that case a contrary effect would be expected.
The interesting thing about these experiments is that, with an anaphylactic reaction like those with which we are familiar, in several parts of the body-even in man-we can produce disturbances that are comparable with M&nikre's syndromae when the antigen, on certain vascular paths, reaches the vestibular connexions. Id
